Switching adsorption-desorption by visible light could provide the possibility for a wide range of applications that require controlled release-on-demand. Here, we demonstrate a visible-light controlled desorption behavior in aqueous suspensions for the first time. We observed cationic dye adsorption on amphoteric goethite α-FeOOH in the dark and release during visible light exposure at a pH value slightly over the isoelectric point of goethite. During this process, the dye does not degrade. Desorption is triggered by local heating due to light absorption in narrow band gap goethite, α-FeOOH.
The visible light triggered release of adsorbed ions/molecules from the surface of nanoparticles could open a wide range of novel applications including drug delivery, sedimentation, desalination, change in pH, optical devices based on ionic dyes and sensing. 1, 2 Light can be further used to induce the mechanical response of materials 3, 4 or fluorescence switching which is applicable in sensors and fluorescent logic devices. [5] [6] [7] Access to this untapped abundant source of energy offers a safe, easy and readily accessible means to switch-on or switchoff different phenomena. This work will describe a new method for attaching molecules, for desorption by visible light. Specifically, we study the adsorption/desorption of methylene blue on goethite triggered by visible light. Such an approach could possibly be extended to other adsorbing molecules and therefore is potentially suitable for a variety of aforementioned applications.
Some release mechanisms include a tailored polymer to favor release, but most release triggers are coupled to nanoparticles that activate delivery. 1 The most eloquent release mechanism involves the change in the conformation of organic compounds, from one isomer to another after exposure to UV light, 2,3 thereby altering the molecule's adsorption affinity. This is restrictive to a limited number of transportable molecules. On a smaller scale, covalent bonds have been designed in stimuli-responsive surfaces for light exposure to activate the separation of drugs. 4 However, there are simpler approaches with functional nanoparticles to facilitate the release from a carrier. 1 The functional particles in previous cases rely on nanoparticles to heat the polymer to promote delivery. [5] [6] [7] In the first mechanism, light absorbed in nanoparticles heats the nanoparticles, which shrinks the hydrogel and squeezes absorbed species from within its core. 5, 6 The second approach uses metallic plasmonic nanoparticles, such as gold, to turn light into the heat for scission and desorption. 7 In our approach, the adsorption is promoted by the electrostatic interaction and release is triggered by visible light for a release from α-FeOOH nanowires.
Goethite α-FeOOH is an amphoteric oxide-hydroxide compound, which alters the surface charge sign and the charge density upon a change in pH of the aqueous solution. 8, 9 Surface charging of goethite can be described by the equilibrium 9
At a low pH, the surface is positively charged, but changes to a negative charge at a high pH. Surface charging on nanostructured goethite provides a large adsorption capacity for cationic dyes and metal cations, because of the favorable electrostatic interactions above the isoelectric point. 10 In addition to the aforementioned features, α-FeOOH is a narrow band gap semiconductor (a gap energy of 2 to 2.5 eV) 11 9 and polycarboxylic acids at low pH. 10 In the present work, methylene blue release has been observed without adding any promoters for goethite surface change in light. Goethite only requires low visible light exposure to facilitate desorption at pH values near the isoelectric point. We hypothesize that photogenerated electrons and holes recombine over the band gap of goethite nanoparticles and release the visible light energy as heat. This released heat in turn triggers desorption.
Goethite nanoparticles used for experiments were precipitated in water from 0.1 M iron(III) nitrate (98%, Sigma Aldrich) solution after adding a 0.4 M NaOH solution. Dark brown sediments were formed after adding the NaOH solution. The sediment was then stirred for 30 min and aged in a closed glass bottle for 72 h at 60°C to facilitate the α-FeOOH formation. After synthesis, the light yellow sediment was washed by centrifugation 10 times, see Fig. S1 . †
The microstructural features of the samples were studied by electron microscopy. Both scanning electron microscopy (SEM) and transmission electron microscopy (TEM) were used. The size of goethite nanocrystals was measured from one hundred wires found in the SEM images. The crystal structure of the synthesized α-FeOOH was characterized by X-ray diffraction (XRD). The specific surface area (m 2 g −1 ) was calculated by the Brunauer-Emmett-Teller (BET) method from nitrogen adsorption-desorption isotherms, shown in Fig. S2 . † The zeta potentials of aqueous suspensions of goethite (1 mg mL −1 ) were estimated from the measured electrophoretic mobilities by the Smoluchowski model. The optical absorption spectra of α-FeOOH were recorded by using a UV-NIR spectrophotometer. A depth profile of the actual composition was studied using hard X-ray photoelectron spectroscopy (HAXPES) at two different photon energies, 2.3 keV and 6.9 keV, corresponding to mean probe depths of 30 Å and 87 Å, respectively, for the core level spectra presented. 11 For adsorption-desorption tests, goethite powders at a concentration of 1 g mL −1 were dispersed in a 10 mg mL −1 methylene blue (MB) solution. The adsorption/desorption of the MB on the goethite was studied at different pH values. Goethite used in this study is inactive towards MB photocatalytic degradation, although part of MB is degraded through photolysis, see Fig. S3 and S4. † Powders were dispersed in the MB solution for 30 seconds with an ultrasonic device Hielscher UPS 200 (Germany) by applying the maximum power of 200 W on a 20 mL sample. After adsorption, nanowires were separated by centrifugation for 10 min at 5000 rpm. The supernatant was examined for the MB concentration by UV-Vis spectroscopy. To test for desorption, suspensions were irradiated by using a 50 mW cm −2 diode lamp under constant stirring (see the ESI, Fig. S5 † for emission spectra). After set time intervals, MB absorption was measured in the sample aliquots. Attenuated total reflection-Fourier transform infrared (ATR-FTIR) spectra were acquired from goethite powders before MB adsorption, after MB adsorption and after visible light irradiation. For more experimental details, see the ESI. † The precipitate consisted of nanosized goethite. Nanowires are shown in the SEM and TEM micrographs with an average length of 353 ± 49 nm, a diameter of 27 ± 5 nm and an aspect ratio up to 13, Fig. 1 . XRD studies showed a single goethite phase (Fig. S6 †) . The specific surface area of goethite nanowires was 92.8 m 2 g −1 .
Adsorption to nanowires is governed by goethite surface properties. Chemical uniformity or eventual radial composition gradients in the nanowires can become of significant influence with regard to the adsorption process. In order to probe the surface versus bulk composition, we performed HAXPES studies (Fig. 2) . The O 1s HAXPES (Fig. 2 top) of the goethite sample shows peaks at binding energies typical of both hydroxyl (at 531.5 eV) and lattice oxide (at 530.2 eV) at different probe depths. A slight decrease in the ratio of the hydroxyl to the oxide peak at a larger mean probe depth (at 6.9 keV) infers that hydroxyl groups might be more abundant near the surface. The same can be observed for the magnetite reference sample, where some intensity in the energy range of the hydroxyl peak becomes weaker for a larger probe depth, and is typical of ex situ oxide particles, which often show some hydroxyl contents at the surface. The Fe 2p HAXPES indicates uniformly ferric (Fe 3+ ) iron in goethite, while the magnetite spectrum, given as a reference, demonstrates a typical composition gradient of multivalent oxides with a more oxidised surface layer, while the ferrous (Fe 2+ ) component being more abundant in the bulk, thus excluding the possibility for iron with different oxidation states in the synthesized goethite sample. Goethite shows no variation in the ferric signature with the probe depth. Point defects in goethite can influence adsorption properties. 12 The formation of ferrous iron in oxides and oxy-hydroxides may be triggered by the formation of oxygen vacancies because of the necessity to maintain the electrical neutrality of the crystal lattice. 13 From HAXPES, we can conclude that the goethite used in studies is more or less from point defects.
The Kubelka-Munk FTIR optical absorption spectrum showed bands centred at 650 nm and a broad absorption band in the wavelength range of 700-1000 nm, which correspond to the 6A1(6S) → 4T2(4G) and 6A1(6S) → 4T1(4G) ligand-field transitions of Fe 3+ , see Fig. S4 . † 14 The forbidden band-gap of goethite at 2.4 eV was observed from the optical absorption (αhν) 2 versus photon energy plots ( Fig. S7 †) , and is in good agreement with previously reported values. 8 Our synthesized goethite exhibits light absorption up to 516 nm, showing application under visible light (sunlight) conditions. Goethite nanowires exhibit a rapid MB adsorption in the dark, which saturates within 5 minutes at pH 5-10 absorbing up to 1.14 mmol g −1 MB (Fig. 3 left) . After subjecting the suspension to visible light irradiation, MB desorption is observed, releasing 54.1% (0.615 mmol g −1 ) of MB in 5 hours at pH 8 ( Fig. 3 right) . Desorption versus irradiation time is plotted in Fig. S8. † The pH of the dye solution is an important factor controlling adsorption processes, particularly the adsorption capacity. The influence of pH on MB adsorption on goethite is demonstrated in Fig. 3 , where the adsorbed amount is shown at different pH values. Adsorption depends on solution pH because a higher pH increases the surface charge on goethite, 8, 9 as shown from the electrokinetic measurements in Fig. S6 . † In the pH range of interest, a positive charge is imparted to the MB. Considerable MB adsorption started at the isoelectric point, of pH 7, where goethite was negatively charged. An opposite charge electrostatically attracts the adsorbent to the carrier surface, thereby promoting adsorption.
Light-triggered desorption is observed in suspensions at pH values higher than the isoelectric point of pH 7 (Fig. 3) . The desorption at a pH value lower than 8 may not be observed due to a low adsorbed MB concentration and possible degradation of MB via photolysis (see Fig. 4 ), and therefore, the released MB is destroyed during irradiation. However, desorption is observed in suspensions at a pH value of 8-10. Desorption is the strongest at a pH of 8 and decreases with increasing pH, Fig. 3d . The decrease in desorption could be related to a stronger attraction between the positively charged MB and the negatively charged goethite surface, as the nanowire surface becomes more negatively charged at higher pH, see Fig. S9 . † During irradiation of suspension, the pH slightly decreases (Fig. S10 †) , which further confirms MB desorption. 15 MB absorption-desorption on goethite nanowires was confirmed by ATR-FTIR spectroscopy measurements. Nanowires were separated from suspensions by centrifugation, dried and analyzed. The goethite ATR-FTIR spectrum agrees with previous reports (ref. 15) , showing intense bands at 887 cm −1 and 790 cm −1 caused by the in-plane bending of surface hydroxyl in Fe-OH-Fe and a broad band at 3133 cm −1 from the O-H stretching vibrations, Fig. S11 . † The absorption of MB in the dark modifies the spectrum with distinguishable absorption bands at 1230 cm −1 , 1327 cm −1 , 1390 cm −1 , and 1602 cm −1 (Fig. 4) . 16 These bands disappear after 5 h of light irradiation, confirming MB desorption, indicating the release of MB from goethite.
We postulate that MB desorption from light exposure is caused by local heating of individual goethite nanowires; the suspension temperature did not change from 30°C, but is explained by the heat capacity of the large volume of water. During visible light absorption, photo-generated electrons and holes are known to recombine and release light energy as heat. 17 To confirm this release mechanism, we heated goethite suspensions with the adsorbed MB in the dark and observed desorption of MB. Almost no desorption was detected at a temperature of 30°C, while at 70°C considerable desorption in the dark was observed, see Fig. S8 . † Therefore, we conclude that the light energy on goethite locally heated heats the nanowires and triggers the desorption of MB.
Other effects like goethite surface dissolution can be ruled out also because no dissolution was observed under 2.4-fold higher UV-vis light intensity in the same irradiation duration. 9 The surface changes of the goethite in the presence of H 2 O 2 or polycarboxylic acids as a rule are going alongside with the generation of reactive oxygen species which attack the organic molecules. In the present work, methylene blue release has been observed without adding any promoters for the goethite surface change in light.
In order to test the recycling potential for the adsorption/ desorption process, we collected, washed, and dried the goethite powder and repeated the adsorption-desorption process. Goethite adsorption and desorption over regenerated α-FeOOH nanowires is demonstrated in Fig. S13 . † In the 2 nd cycle, the adsorbed MB amount at pH = 8 reached 0.92 mmol g −1 and after 5 hours of visible light irradiation, 0.24 mmol g −1 (27%) was desorbed. Although a drop in the adsorbed and desorbed amount after recycling was observed, these experiments confirm the possibility of the regeneration of the material.
In conclusion, we have shown visible light-triggered MB desorption from goethite nanowires. The desorption of MB in visible light is most pronounced at a pH just above the isoelectric point where MB absorption is weaker, allowing easier separation. The light-triggered desorption of MB is caused by nanowire local heating, shifting the adsorption-desorption equilibrium towards desorption. The reported phenomenon provides new possibilities for preparing light responsive materials, and enables new applications that benefit from a simple light trigger. Furthermore, due to the non-destructive nature of the process, recycling and regeneration can be performed.
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